Injection of fracturing fluids into shales during hydraulic stimulation can result in various chemical reactions involving the injected fluid and host shale rock. Differences in chemical composition between the injected fluids and fractured rock can result in mineral precipitation along shale fractures and within the shale matrix, potentially affecting long-term gas recovery from the shale. Our prior research showed that mineral precipitation and dissolution occur along freshly-generated fractures, and within the shale matrix, during core flood experiments in which laboratory-fractured Marcellus Shale was exposed to simulated hydraulic fracturing fluids. Many of the mineral precipitation reactions were hypothesized to occur due to the inability for antiscaling compounds in the fracturing fluids to control mineral precipitation at elevated temperature and pressure. In some locations along the fracture, proppant was cemented to shale surfaces through secondary mineral precipitates. The present study focuses on core flood experiments using fresh core and site hydraulic fracturing fluid from the Marcellus Shale Energy and Environmental Laboratory site (MSEEL; Morgantown, WV) at reservoir pressure and temperature conditions. The objectives of this study are to evaluate the reproducibility of the earlier experiments using fresh core, and to identify causes for any observed differences with the prior outcrop-based experiments.
Introduction
Introduction of fracturing chemicals into shale formations can initiate chemical reactions that result in shale mineral dissolution and precipitation of secondary minerals within the shale matrix and along newly-generated fractures. These reactions can affect matrix and fracture permeability by generating new flow pathways in the case of mineral dissolution. Secondary mineral precipitation could be both beneficial and detrimental to gas flow within the reservoir, as depending on the mineral morphology and location, precipitation could result in additional propping of fractures, or could reduce matrix and fracture permeabilities. Recent attention to fracturing chemical-mineral reactions that could affect gas production have shown that both the formation mineralogy and injected fluid chemistry have a significant influence on the overall chemical changes during hydraulic fracturing. Barite has been of interest in the Marcellus Shale due to elevated concentrations of barium measured in produced waters and the shale. Barite scale in the wrong locations within the system can present a significant challenge for sustained longterm production as barite dissolution and removal are difficult and potentially costly.
Prior batch experimental studies focused on reactions between Marcellus Shale and fracturing fluids showed that, in the presence of elevated barium and fracturing chemicals, barite precipitation was either directly observed or predicted based on saturation indices calculations from experimental fluid chemistries (Dieterich et al., 2015; Marcon et al., 2017) . In core flood experiments performed with laboratory-generated fracturing chemicals and core plugs derived from Marcellus Shale outcrop, barite precipitation was observed by computed tomography (CT) and scanning electron microscopy (SEM). Barite is also predicted based on saturation indices calculations with fluid chemistry, for fracturing fluids generated with both freshwater and recycled produced water compositions as the carrier fluid (Vankeuren et al., under review) . In these experiments, barium was either leached from the shale (in the case of freshwater-based fracturing fluid) or present in the initial fracturing fluid (in the case of produced waterbased fracturing fluids). Sulfate was generated through reaction of the ammonium persulfate breaker, and to a lesser extent, oxidation of pyrite in the shale. Replicate experiments designed to verify the Vankeuren (under review) study, and the integrity of the experimental system used for the present study, showed similar results (Moore et al., 2017) The Marcellus Shale Energy and Environmental Laboratory (MSEEL) is a gas-producing research well located in Morgantown, West Virginia operated by North Northeast Energy (NNE) and managed by West Virginia University (WVU) as one of the National Energy Technology Laboratory/U.S. Department of Energy (NETL/DOE) hydraulically-fractured shale field sites. The site includes a production well that was vertically cored (MIP 3H) and hydraulically stimulated during November 2015. Samples from MSEEL include fresh core and fracturing chemical mixtures actually used on site, which can provide a new perspective on potential mineral reactions during hydraulic fracturing, as our prior studies were performed with a lab-generated fracturing fluid and Marcellus Shale core plugs extracted from outcrop samples. The focus for this study was to evaluate mineral dissolution and precipitation in MSEEL 3H core samples reacted with a sample of the hydraulic fracturing fluid developed for fracturing of the MIP 3H well (November 2015).
Methods

Experimental Design and Apparatus
Experiments were designed to represent diffusive flow and reaction of hydraulic fracturing fluids with the shale reservoir rock over a simulated four-day shut in period. The apparatus consisted of a dual core holder system, with an inlet reservoir leading to an injection pump (Figure 1 ). Fluids were introduced into a Hassler type core holder, which contained shale cored from MSEEL 3H samples for evaluating fluid-rock interactions, or remained empty for procedural blank tests. Injection was performed with a solvent pump at a constant rate, overburden pressure was maintained with a confining pump, and a back-pressure pump controlled system pressure and acted as the effluent reservoir. Fluids were sampled from the influent and effluent reservoirs for evaluating changes to fluid chemistry from the experimental apparatus (in the case of the system blank test) and fluid-rock interactions (in experiments containing MSEEL core). The confining reservoir chemistry was sampled and monitored to ensure a no flow boundary was maintained between the core sleeve and end plugs. Experiments and blank tests were performed at 150°F, 3000 psi confining pressure, 2800 psi pore pressure, and a fluid flow rate of 0.03 ml/min. Injected fluid was chilled to 5°C for the duration of the test to avoid microbial growth. Two core flood experiments were performed with MSEEL core, and one experiment was performed where 3H injection fluid was circulated through the experimental apparatus in the absence of core (referred to as the "blank experiment" in the results and discussion).
Core Selection, Preparation, and Hydraulic Fracturing Fluid
Two depths of the MSEEL 3H core were selected based on location associated with hydraulic fracturing of the 3H well, and based on the ability to sub-core from the existing slabs: 7498.4 ft, and 7504.6 ft. These samples were chosen because they were the most competent sections of core near the lateral kick off point, which was slightly lower at approximately 7500 ft. Samples were cut from 2/3 slab and core was drilled bedding concordant. Drilling performed perpendicularly to the bedding plane resulted in core disking. The 1.5 inch diameter samples were cored with at least 4 inches total length and fractured by a modified Brazilian method (Atkinson et al., 1982) ; the cores were in two 2" long sections each as even the concordant cores tended to break. Fractures were filled with less than a single monolayer of 40/70 mesh >99% quartz Innoprop proppant, and loaded into core sleeves. Hydraulic fracturing fluid used for the experiments was sampled from the batch of fracturing fluid injected into the MIP 3H well during fracturing (date range 11/6/2015 through 11/15/2015). The composition of the fracturing fluid is presented in Table 1 . A pump malfunction occurred at 24 h for the 7498.4 ft experiment resulting in a higher flow rate through the experimental apparatus, which resulted in a higher volume accumulation in the effluent reservoir and may result in some differences of fluid chemistry measured at 24 and 48 h for this experiment. 
Fluid Chemistry Analysis
Fluid sample analysis was performed by ion chromatography (IC), inductively coupled plasma mass spectrometry (ICP-MS), and inductively coupled plasma optical emission spectroscopy (ICP-OES). Influent and effluent reservoir fluids were sampled according to the following schedule after introduction of fluids into the experimental apparatus: 2, 24, 48, 72, and 96 h. Samples for IC analysis were filtered through 0.2 µm membrane and not-acidified, and samples for ICP-MS and ICP-OES samples were unfiltered and acidified with ultrapure nitric acid (Thermo Fisher, Optima grade) prior to analysis. The pH of the influent and effluent reservoir fluids were monitored during sampling. The temperature of fluids when sampled from the collection reservoir ranged from 21.25 ± 2.42 °C for the blank and both core-containing experimental runs.
Computed Tomography Scanning and Image Processing
The 3H cores were scanned before and after exposure with a North-Star Imaging M-5000 Industrial Computed Tomography (CT) scanner. Voxel resolution was 25.4 µm. Image processing was performed using ImageJ © and ilastik ® . No discernable features of interest, which included reacted zones and precipitate, were detected using traditional or advanced techniques. Thus, post-processing of the images was not performed in a quantitative fashion. based on results from a review of FracFocus data, and generated with fracturing chemicals supplied by a different service company (Vankeuren et al., in review; Moore et al., 2017) . The fracturing fluid mixtures between the MSEEL and prior experiments therefore contained different fracturing chemicals, and different concentrations of fracturing chemicals where similarities existed. For example, ammonium persulfate, considered to significantly control sulfate generation and resulting barite precipitation in the prior experiments, is present in different concentrations in the lab-generated solution from prior experiments and the MIP 3H fracturing fluid. Ammonium persulfate was 0.02% of solution in the experiments performed by Vankeuren et al (under review) and Moore et al. (2017) . In the experiments reported here, the maximum amount of ammonium persulfate in solution is 0.00074% by mass, and likely was lower during our MSEEL core flood experiments (performed during March 2017) due to oxidant degradation during storage after the November 2015 preparation of fracturing fluid at the well pad.
Sulfate is present in the influent due to existing concentrations in the make-up water, and due to addition of fracturing chemicals (such as ammonium persulfate, and copper sulfate; Table 1 ). Sulfate increases in both MSEEL core flood experiments, and does not change in the blank experiment relative to the influent concentration ( Figure  4A ,B), indicating that reaction between the influent and cores resulted in sulfate generation. Sulfate can be generated from the fracturing fluid and from reactions with minerals in the shale. Shale mineral reactions likely to generate sulfate concentrations observed in the MSEEL experiments include ion exchange, gypsum dissolution and pyrite oxidation. Sulfate release via ion exchange was observed in ultrapure water extracts of MIP 3H sidewall cores . Because of the slight pH decrease observed in the MSEEL core flood effluents, pyrite oxidation is also a potential contributor to sulfate in the system as the reaction produces sulfate and lowers the solution pH. Pyrite may oxidize due to the presence of oxygen (Eq. 1) or Fe 3+ (Eq. 2) in solution (Rimstidt and Vaughan, 2003 Lowering of the pH concurrent with increases in Ca concentrations in the MSEEL core flood effluents provides evidence for calcite dissolution, which has been observed in prior batch and core flood experiments with Marcellus Shale (Dieterich et al., 2016; Marcon et al., 2017; Vankeuren et al., under review) . Concurrent calcite dissolution during pyrite oxidation within shales has been observed in other studies focused on shale-fracturing fluid interactions (Wilke et al., 2015) .
Conclusions
Composition of the hydraulic fracturing fluid will affect observed secondary mineral precipitates that form in newlygenerated fractures and the shale matrix. The presence of oxidants, especially persulfate-based compounds, can have a significant effect on scale mineral precipitation; certain reactions may not be observed if the oxidant isn't as active, or in a low concentration. Concurrent pyrite oxidation and calcite dissolution occur in the MSEEL core flood experiments. The MSEEL core flood experiments showed no change between the pre-and post-reaction CT scans, indicating a difference in fracturing fluid-shale reactions that result in mineral scale formation, compared to prior studies. Further characterization of the shale post-reaction is planned. Additional studies exploring interactions between fracturing fluids and shale involving a range of concentrations of specific fracturing chemicals will provide information on how to best control mineral scale formation during hydraulic fracturing of shale gas reservoirs.
